The high-pressure crystal chemistry of coesite was studied by means of single crystal X-ray diffraction in the pressure interval ∼ 2 -34 GPa and at ambient temperature. We compressed the samples using diamond-anvil cells loaded with neon as pressure-transmitting medium and collected X-ray diffraction data using synchrotron radiation. The thermodynamically stable coesite -coesite-I -was observed up to ∼ 20 GPa, with the following unit-cell parameters: a = 6.6533 (12) . Above such pressure we witness the formation of a well crystallized coesite-II, previously observed only by spectroscopic studies. The structure of the novel high-P polymorph was determined and refined at ∼ 28 and ∼ 31 GPa with final R indices of 8% and 12%, respectively. Coesite-II has P 2 1 /n symmetry and a unit cell that is " doubled " along the b -axis with respect to that of the initial coesite-I: a = 6.5591(10) Å , b = 23.2276(14) Å , c = 6.7953(9) Å , β = 121.062(19) ° and V = 886.84(19) Å 3 at ∼ 28 GPa. All Si atoms are in tetrahedral coordination. The displacive phase transition I-> II is likely driven by the extreme shortening (0.05 Å or 3.2%) of the shortest and the most compressible Si1-O1 bond, related to the stiff 180 ° Si1-O1-Si1 angle. Under compression the linear angle bends, resulting in two independent angles, one of which, however, retains almost linear geometry ( ∼ 178 ° ). The requirement of this angle to be close to linear likely causes further Si-O compression down to an extremely short distance of ∼ 1.52 Å which prompts subsequent structural changes, with the formation of a triclinic phase at ∼ 31 GPa, coesite-III.
Introduction
Coesite is the densest polymorph of silica, SiO 2 , that contains silicon atom tetrahedrally coordinated to oxygen. It is thermodynamically stable above ∼ 2.5 GPa and at temperatures in excess of 500 ° C. The polymorph was first synthesized by Coes [1] and the structure was determined by Buerger and Zoltai [2] . Coesite was discovered in nature by Chao and coworkers in impact breccia from Meteor Crater [3] . Since then, natural occurrences of coesite were documented in kimberlites [4] , high-pressure metamorphic rocks [5] , and various materials, including meteorites, that have been subjected to shock-metamorphism.
Coesite ( C 2/c, Z = 16) shows nearly hexagonal symmetry at room pressure, with almost equal a and c axes, and a β angle close to 120 ° . The asymmetric unit contains two distinct silicon and five distinct oxygen atoms. It is a framework silicate comprised of fully polymerized cornersharing SiO 4 tetrahedra. Building blocks of the framework are four-membered rings (4-rings) of tetrahedra that form chains that run parallel to the c -axis. These chains of 4-rings are linked in such manner that crankshaft-like chains are formed. Due to this arrangement there are five distinct Si-O-Si angles in the structure. The high-pressure structural behavior of coesite was previously studied using in-house based single crystal X-ray diffraction up to 5.2 GPa [6] and up to 8.7 GPa [7] in ethanol-methanol pressure medium, as well as by means of ab initio calculations up to 17 GPa [8] . These studies concluded that the symmetry of the unit cell appears less hexagonal with increasing pressure, compressing in the a direction more than twice as much than in the c direction. Also, the most obvious structural change upon compression was found to be the reduction of four out of five different Si-O-Si angles, with smaller angles undergoing more compression than the larger ones. The Si1-O1-Si1 angle is constrained to 180 ° due to symmetry requirements. The O1 atom is placed on an inversion center and as long as the symmetry is maintained, the Si1-O1-Si1 linkage remains linear, giving rise to the high stiffness of the structure (e.g., [9] ).
Our recent study [10] has shown that coesite, similarly to quartz and cristobalite, can be compressed under (quasi)-hydrostatic conditions to very high pressures and at ambient temperatures without undergoing amorphization. Earlier spectroscopic studies observed structural changes in coesite near ∼ 23 GPa [11] , and one more near ∼ 34 GPa, with the latter polymorph remaining crystalline at least up to ∼ 51 GPa [10] . Reconstructive transitions to the stable high-pressure polymorphs consisting of SiO 6 octahedra (e.g., stishovite, CaCl 2 -structured silica, or seifertite) are often hindered due to high kinetic barriers associated with the relatively strong Si-O bonding within the tetrahedra (e.g., [12] ). As a consequence, compression of phases with tetrahedrally coordinated silicon without sufficient heating results in formation of complex metastable phases, leading in particular to persistence of SiO 4 -based phases far out of their stability fields. Experimental challenge in studying the structure and the formation of these phases arises from the sluggish transitions, enhanced metastability regions, and formation of poorly crystallized materials. Such conditions usually give rise to weak X-ray diffraction patterns that are difficult to interpret, often resulting in contradictory interpretations. Although spectroscopic studies have indicated phase transitions to coesite-II and III, crystallographic analyses of these phases have not yet been reported.
In this work we were motivated to understand in detail the high-pressure crystal chemistry of thermodynamically stable coesite (hereafter coesite-I) and the mechanisms that lead to its structural transformation induced by pressures exceeding 20 GPa. We report single-crystal X-ray diffraction data collected with diamond-anvil cells (DACs) at ten different pressures up to ∼ 34 GPa using synchrotron radiation. Our data confirm the phase transition above ∼ 20 GPa and give insight into the structure of the novel high-pressure polymorph coesite-II. Appearance of extra reflections above ∼ 30 GPa suggests a subsequent transition to a phase with lower, possibly triclinic, symmetry -coesite-III -in agreement with our previous Raman spectroscopy data.
Experimental
Synthesis conditions and the starting material used to synthesize the coesite crystals for this study have been described in a pre vious study [10] . We selected coesite single crystals of typical size 10 × 20 × 30 μ m 3 at the Bayerisches Geoinstitut (BGI), using a rotating anode high-brilliance Rigaku diff ractometer with Mo K α radiation, equipped with an Osmic focusing X-ray optics and a Bruker Apex CCD detector.
The structural behavior of coesite-I was investigated in the pressure region between 2.4 and ∼ 34 GPa at ambient temperature using piston-cylinder BX90 type diamond anvil cells (DAC) produced at BGI [13] . We used Boehler-Almax diamond anvils with 250 μ m culet size and apertures of 80 ° [14] , to allow for large reciprocal space coverage in the single crystal X-ray diff raction experiments. Crystals of coesite were loaded together with a ∼ 5 μ m in diameter ruby sphere into a cylindrical pressure chamber of 30 -40 μ m height and ∼ 125 μ m diameter drilled in a pre-indented rhenium gasket. Neon, used as pressure transmitting medium, was loaded into the DAC using the BGI gas loading system [15] .
High-pressure single crystal X-ray diff raction experiments were performed at the beamline ID09A, at ESRF (Grenoble, France) and at the Extreme Conditions Beamline (ECB, P02.2) at PETRA III in Hamburg. At each pressure point, wide-scan diff raction images were collected in the ω range of ± 40 ° for 3 s. In addition, 80 independent step-scan diff raction frames were collected with time exposure of 1 s/step in the same ω range. At ESRF, data were collected at seven diff erent pressure points from 2.42(5) up to 20.30(15) GPa, using 30 μ m X-ray beam with a wavelength of 0.4144 Å and a Mar555 fl at panel detector, located at the distance of 309.5 mm from the sample. At PETRA III we performed an experiment on another crystal, obtaining single crystal data at 27.52(13), 30.94(41) and 34.20(28) GPa, using 2 × 4 μ m 2 (FWHM) X-ray beam with a wavelength of 0.29004 Å . The detector used was a MAR345 online Image Plate (IP), located at the distance of 400.8 mm. Pressure was determined using the ruby pressure gauge [16] both before and aft er collection of X-ray data. At ECB at PETRA III, in addition to the ruby pressure scale, we determine pressure also by using neon EOS reported by Fei et al. [17] . Single-crystal data have been reduced with the CrysAlis soft ware package [18] and analyzed with the SHELX97 program package [19] as implemented in the WingX software [20] . Isotropic structure refi nements of coesite-I were performed based on F 2 starting from the atomic coordinates for coesite at ambient conditions, reported by Angel et al. [7] . The structure of coesite-II was solved by direct method using SHELXS and refi ned by full matrix leastsquares in the isotropic approximation using SHELXL, both programs being implemented in SHELX97 soft ware.
Results
Wide-scan exposure images indicate that the single crystal of coesite remain well-crystallized up to the maximal pressures attained in this study ( ∼ 34 GPa) with an abrupt change in the diffraction pattern between ∼ 20 and ∼ 28 GPa ( Figure 1 ). The change is characterized by an increase in the number of reflections and an overall decrease in their intensities. This is in agreement with the Raman spectroscopy observations of a pressure-induced structural transformation from coesite-I to a lower-symmetry phase coesite-II [10, 11] . We investigated the compressibility and the structural evolution of coesite-I from 2.42(5) GPa up to 20.30 (15) GPa. The structure of the novel polymorph coesite-II was solved using the dataset collected at 27.52(13) GPa and also refined at 30.94(41) GPa. The unit cell parameters of the polymorphs at various pressures are reported in Table 1 and the compressibility data of coesite-I are summarized in Table 2 .
Details of the refinement procedure are given in Table 3 . Refined positional parameters of coesite-I and coesite-II are reported in Tables 4A and B , respectively. Selected bond lengths and angles are given in Tables 5 and 6 .
Coesite-I Compressibility
The smooth and continuous evolution of the coesite-I unit cell volume with pressure ( Figure 2 ) [25] or 546.98(13) Å 3 [26] , samples. The total decrease of the unit cell volume from room pressure up to 20.30 (15) GPa is about 14.2%, with a correspondent density increase of about 16.5%.
Although Angel et al. [22] suggested that a 4 th -order BM-EoS is necessary to describe adequately the A B Values obtained by fitting BM3 EoS to the P-V dataset with EOSfit [21] . c Literature value (Angel et al. [7] ); Numbers in parentheses are the esd ' s in the last decimal place of each value.
high-pressure behavior of coesite, the normalized stress, F E , vs. Eulerian strain, f E , plot [21] constructed from our P-V data shows a linear trend consistent with a 3 rd -order BM-EoS ( Figure 3 ). The intersection of the linear fit through the F E data points with the F E -axis suggests a value of the bulk modulus, K T 0 , of about 95 GPa and the slope of such linear fits yields its pressure derivative (4) . The value of the bulk modulus is very close to that reported by Levien and Prewitt [6] : K T 0 = 96(3) GPa, which was obtained using a BM3 fit to their data collected up to 5.1 GPa. However, their Tab. 2: Parameters of the 3 rd order Birch-Murnhagan EoS fit to coesite-I data. Note: Data used for BM3 EoS are reported in Table 1 . Numbers in square brackets are implied values. X1 compressional direction is parallel to a * = a sin β . Numbers in parentheses are the esd ' s in the last decimal place of each value.
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Fig. 2:
Unit-cell volumes, normalized with respect to the V 0 BM3 parameter, plotted against pressure. Literature data are reported for comparison. The dashed line is a 3 rd order Birch-Murnaghan EoS (BM3) fitted to the coesite-I P-V data from this study. The gray line is the 4 th order BM EoS reported by [22] for the sample X3 P-V data. (2) . The F E -f E plot calculated for the P -V data of [22] is also shown in Figure 3 , for comparison. Our data are significantly more scattered than those from [22] , but clearly do not show the curvature of the data presented by [22] . Since the values of V 0 can have a strong effect on the F E -f E plot [27] we have considered two further F E -f E plots: one using our volume data with V 0 from the X3 sample of [22] , and one using the data from [22] with the V 0 values from this study ( Figure 3 ). The different V 0 does not significantly affect the linear trend of our data and gives EoS parameters which are indistinguishable within the uncertainties. On the contrary, the F E -f E data of [22] are clearly more dependent on the choice of V 0 and the slight increase in V 0 of 0.4 Å 3 results in a F E -f E plot which is more similar to that of our data (Figure 3) .
The evolution of the unit-cell axes under pressure is in good agreement with previous studies, as illustrated by comparison to the X3 data set of [22] and it implies that the axial compression of coesite-I is very anisotropic ( Figure 4 ) . Due to the monoclinic symmetry, one of the principal axis of compression is constrained to lie along the b -axis, and the other two principal axes must lie in the (010) plane. Previous analyses of the strain ellipsoid [22] showed that in the case of coesite, the principal axes of compression lie within uncertainties parallel to the a * = a sin β , b and the c axes, with the a * being the most compressible and the b and c axes showing similar compressional rates. We confirm this compressional regime ( Figure 4 ) and find that the axes of the strain ellipsoid rotate only ∼ 2 ° up to 20.3 GPa, i.e., less than the uncertainty on their position. The axial F E -f E plots are compared to the values from [22] in a way similar to the unit cell volume ( Figure 5 ). The linear trend of our data is less affected by the variation of zeropressure values , particularly in the case of the least compressible b -axis. The axial F E -f E plots constructed for the X3 (6) and a* 0 = 6.1710(56), K 0 (a*) = 52(2) GPa, K ′ = 3.7(3). The linear moduli and their respective pressure derivatives obtained from the BM3 fits are in good agreement with the values determined from the axial F E -f E plots.
Mechanisms of compression
The structure of coesite-I shown in Figure 6 A and B is illustrating the characteristic features and the nomenclature in detail. As in previous studies, we find no evidence of kinking of the linear Si1-O1-Si1 angle throughout the pressure range of the coesite-I stability field. The rate of compression of the four other Si-O-Si angles ( Figure 7 ) , with the smaller angles being more compressible, is in good agreement with the experimental studies at lower pressures [6, 7] . The ab initio calculations [8] suggest compressional rates similar to those obtained in all of experiments, although the calculated angles appear to be smaller than those measured. Decrease of the smallest Si1-O5-Si2 angle from 137.44 ° (ambient, Angel et al. [7] ) to 125.54 ° at ∼ 20 GPa contributes to the shortening along the b -axis. Kinking of the Si2-O2-Si2 angle (142.69 ° ambient to 127.70 ° at 20 GPa) brings the four-membered rings closer along [001] . However, the internal shape of the 4-rings in coesite-I is controlled by the much faster decrease of the Si1-O3-Si2 angle with respect to the Si1-O4-Si2, which results in shearing of the rings along [001] . An increase of the O3-O3 ring diagonal by ∼ 5% up to the transition pressure contributes to the large stiffness along the c-axis, giving rise to its stiffest linear modulus (Table 6) .
Two neighboring (010) planes of the rings can be seen as two semi-close-packed planes of O3 and O4 oxygen atoms connected by the linear Si1-O1-Si1 angle ( Figure 6A ). The spacing between these oxygen planes increases with pressure up to 12 GPa, in agreement with the lower pressure studies [7] but it levels off above ∼ 12 GPa ( Figure 6A ). This is probably a consequence of the fact that Si2 tilting has reached a limiting value and Si1 cannot rotate further around the Si1-Si1 axis. Further tilting of Si2 would invoke the Si1 to tilt as well, which is unfeasible due to the symmetry of coesite-I.
Tetrahedral distortion
The two symmetrically distinct SiO 4 tetrahedra of the coesite-I structure respond differently to compression up to ∼ 20 GPa, following a trend similar to that observed at lower pressures [6, 7] . The Si1 tetrahedron shows a volume decrease of about 5.4% and the Si2 of 4.4% in the investigated pressure range. A larger increase in angular variance and quadratic elongation with pressure shows that the Si1 tetrahedron undergoes much more distortion than the Si2 tetrahedron ( Table 5 ).
The compression and distortion of the Si1 tetrahedron are accommodated by highly anisotropic shortening of the Si-O bonds, with the shortest Si1-O1 bond [1.5859(13) Å at 2.42 GPa] undergoing the largest compression (3.2%, Figure 8 ) . Similarly, the shortest O1-O4 distance [2.5841(30) Å at 2.42 GPa] is the most compressible tetrahedron edge of the coesite-I structure, showing a decrease of 4.9% up to 20.3 GPa. This is a consequence of the larger distortion of the O1-Si1-O4 angle with respect to the rest of the tetrahedral (O-Si-O) angles (Table 5 ). In spite of large Si1-O1 bond compressibility and the absence of Si1-O1-Si1 kinking, the Si1-Si1 distance remains the longest cation-cation distance throughout the compression of coesite-I. The Si2 tetrahedron shows less anisotropic compressional behavior, with smaller changes in Si-O and O-O distances with pressure (Figure 8 ), as well as smaller changes of O-Si2-O angles (Table 5 ). In contrast to Si1 and according to the expected behavior with pressure, the shortest Si2-O3 bond is the stiffest bond of the Si2 tetrahedron and of the entire structure (0.1% compression).
The major difference in compressibility of the two tetrahedral sites is clearly reflected in their respective bulk moduli, calculated for the tetrahedral volume changes: 283(23) GPa for Si1O 4 and 445(31) GPa for Si2O 4 . The Si1 tetrahedral site is anomalously compressible relative to SiO 4 tetrahedra in other silicates. To our knowledge, the only other common silicate minerals for which the reported bulk moduli of the tetrahedral Si sites are comparable to that of Si1 tetrahedron in coesite-I are zircon and forsterite (summarized in Smyth et al. [31] ). Note, however, that in such structures the tetrahedra do not form three-dimensional framework as in the case of coesite.
Phase transition and the structure of coesite-II
The displacive phase transition from coesite-I to coesite-II is characterized by a change of symmetry from C 2/c to P 2 1 /n ( Figure 6A and C) . Due to the rearrangement of the atoms, doubling along the b -axis is achieved, resulting in the disappearance of the C -centering after the transition, in a doubled unit cell volume, and in a number of molecular units Z = 32 per unit cell. The asymmetric unit of coesite-II contains eight silicons and sixteen oxygens. The effect of the symmetry reduction can be better understood by observing the changes that occur within the hollow channels that run parallel to the c-cell edge ( Figure 6A and C) . In the coesite-I structure these chains are separated by the linear Si1-O1-Si1 linkages, and they appear symmetric due to a 2-fold axis in [010] perpendicular to a mirror plane in (010). The mirror plane is placed in the middle of the channels, running exactly through the O1 atoms. After the phase transition and distortion of the linear S1-O1-S1 angle (Figure 7) , the shape of these channels is distorted with consequent disappearance of the mirror plane and loss of the C center. Bending of the linear Si1-O1-Si1 angle results in four non-equivalent silicon atoms connected by two non-equivalent oxygens, thus forming two independent angles. These are Si7-O4-Si5 ( ∼ 178 ° ) and Si2-O15-Si3 ( ∼ 153 ° ). Very likely, the extreme compression of the shortest Si1-O1 bond drives the bending of the Si1-O1-Si1 angle and the consequent loss of the mirror plane. Above the transition, those Si-O distances within the Si5 and Si7 tetrahedra, which are related to an angle still very close to 180 ° , compress down to ∼ 1.52 Å at 30.94(41) GPa (Figure 8 ). In the case of the Si2-O15-Si3, the previously Tab. 5: Selected tetrahedral distances ( Å ) and angles ( ° ) in coesite-I at various pressures. Note: Quadriatic elongation and tetrahedral variance calculated using PROGRAM METRIC Ver. 6.1 by Bartelmehs et al. [29] , which is based on Robinson et al. [30] . Numbers in parentheses are the esd ' s in the last decimal place of each value.
Tab. 6: Selected intertetrahedral distances ( Å ) and angles ( ° ) in coesite-I at various pressures. Note: Si1-Si1 and Si2-Si2 are distances across the hollow channels. O3-O4 planes are marked in Figure 6 . Number in parentheses are the esd ' s in the last decimal place of each value.
Si-O-Si angle, °S i1-O1-Si1
Si7-O4-Si5
Si3-O14-Si6
Si2-O15-Si3
Si1-O11-Si2
Si7-O3-Si4
Si1-O4-Si2
Si2-O3-Si1
Si2-O2-Si2
Si1-O5-Si2
Angel et al. (2003) Gibbs et al. [8] Levien and Prewitt [6] Coesite Open symbols are experimental literature data and the gray line is a trend obtained by ab initio calculations. Few angles are labeled in coesite-II, the rest is omitted for clarity. All values are given in Table 5 . Two highlighted bonds Si7-O4-Si5 and Si2-O15-Si3 result from the tilting of the linear Si1-O1-Si1 angle.
linear angle decreases by nearly 30 ° and the related Si-O bonds increase to ∼ 1.55 Å .
Upon completion of the phase transition, the planes described by the O3 and O4 oxygens do not appear semiclose-packed as in coesite-I ( Figure 6D ) and all tetrahedra of coesite-II are subjected to tilting resulting in a steady reduction in Si-O-Si angles down to extreme values, the smallest being ∼ 120 ° (Figure 7) . The kinking enables the structure of the four-membered rings to become " loose " and less coplanar. The non-planar (i.e., outside of 010 plane) distortion of the rings contributes to the compression in all directions and the structure of coesite-II appears much more compressible than that of coesite I. Unlike coesite-I, which consists of only one characteristic 4-ring, there are two distinct rings, i.e., two alternating layers consisting of two different sizes of the 4-rings in the structure of coesite-II ( Figure 6D ).
Volume reduction of the coesite structure is most efficiently achieved by reducing the distance between the unconnected chains within the (010) plane. This is illustrated by the reduction of the distances between the six closest oxygen atoms ( Table 6 ). The rate of this reduction is quite anisotropic. The greatest reduction is achieved along the a -axis, i.e., the O5a-O5c distance (O12-O2b in coesite-II) that compresses about ∼ 23% down to ∼ 2.4 Å (at 30.94 GPa). This oxygen-oxygen distance between the chains is shorter than the average tetrahedral O-O edge at this pressure. High reduction is achieved along c, as well, [7] and the solid grey line is Gibbs et al. [8] .
by ∼ 14% reduction in O5a-O5b (O12-O2a) distance down to ∼ 2.6 Å at 30.94 GPa. (28) GPa the intensities of the reflections for this triclinic phase are much stronger. At this highest pressure point we still observe some coesite-II reflections, but their intensities are too weak to allow for proper integration. The appearance of a triclinc phase is consistent with our previous Raman spectroscopy observation [10] that indicates a structural change near ∼ 34 GPa to a phase with symmetry lower than that of coesite-II. This additional structural change is probably related to the bending of the remaining stiff Si5-O4-Si7 angle driven by the extremely short Si5-O4 and Si7-O4 bonds, which are highly unlikely to compress any further.
Further phase transitions
A possible explanation for the presence of two phases at ∼ 31 GPa may reside on the fact that, although the triclinic phase is more stable than coesite-II at such pressure, the complete transition is hindered due to the slow kinetics of the transformation. If this is the case, coesite II appears above 31 GPa as an " overpressurized " phase out of its (meta)stability field. A similar behavior was seen in cristobalite I, which compresses smoothly far out of its stability field, suppressing the formation of the more stable high-pressure polymorph cristobalite II [32] .
Conclusion
The displacive phase transition from coesite-I to coesite-II above ∼ 20 GPa is driven by extreme shortening of the shortest and most compressible Si1-O1 bond (Figure 8 ). In order to allow more compression of this individual bond the Si1-O1-Si1 angle, constrained by symmetry to be 180 ° in coesite-I, starts to bend with consequent breaking of the symmetry from C 2/c to P 2 1 /n and formation of two different, independent angles. One of the angles remains close to 180 ° , though, whereas the other one decreases by nearly 30 ° . The tetrahedra in coesite-II are rearranged in such a way that two slightly different 4-membered rings are created ( Figure 6D ). Our previous Raman spectroscopy study on the pressure-induced phase transition in coesite reveals that the main A g vibration mode of coesite at ∼ 521 cm -1 is a breathing mode of the 4-membered rings. The two rings in coesite-II with two slightly different sizes are expected to have breathing modes at slightly different frequencies, and we indeed observed appearance of a doublet in the experimental Raman spectra upon the coesite-I to coesite-II transition [10] . The computational spectra of coesite-I under pressure reveal that two modes become most unstable between 20 and 30 GPa: a B g Raman active mode at 77 cm -1 and an A u infrared active mode at 111 cm -1 (see the computed spectra in WURM database for details, http://www.webcitation.org/6NAEOl1G6 ). The softening of the Raman active mode was previously considered to be related to the structural instability [11] . The computational data, however, clearly indicate that the A u mode involves large atomic displacement of the O1 atom from the linear Si-O-Si angle, while the B g mode has no impact on it. Therefore, we conclude that the softening of the A u mode is more likely responsible for the symmetry breakdown and the bending of the Si-O-Si angle.
The very short Si-O bond found in coesite and its high compressibility is a good example of how such bonds are restricted to the (almost) linear Si-O-Si geometry, and appear highly unfavorable in other Si-O-Si arrangements. This experimental evidence conforms well to theoretical predictions. For example, Oberhammer and Boggs [33] ascribed short Si-O lengths to the highly ionic character of the bond and found that the ionicity of the bond increases as the length of the bond decreases. A later calculation by Nicholas et al. [34] contributed to this conclusion, by finding that the ionicity of the bond increases by ∼ 25% if the Si-O-Si angle widens from 130 ° to 180 ° and the Si-O shortens. In general, the force field that governs the Si-O bond length and the related Si-O-Si angle, as well as their respective stretching and bending, can be seen as independent from the long-range forces of an entire crystal [35] . Therefore, the sequence of the phase transitions and symmetry breakdowns in coesite under pressure is most likely controlled by highly compressible S1 tetrahedron and, in particular, by its most compressible Si1-O1 bond.
